In the photosynthetic bacterium Rhodobacter capsulatus, the enzyme DNA gyrase has been implicated in the expression of genes for anaerobic metabolic processes such as nitrogen fixation and photosynthesis. To assess the involvement of supercoiling in anaerobic gene expression, we have developed an assay to detect in vivo changes in superhelicity of small regions of the bacterial chromosome. Our method is based on the preferential intercalaction of psoralen into supercoiled versus relaxed DNA, and we have demonstrated the sensitivity of the assay in vivo on chromosomal regions from 2 to 10 kiobases in size. In experiments with inhibitors of gyrase, the reactivity of individual chromosomal fragments to psoralen decreases by a factor of 1.8 compared with DNA from control cultures. We used our assay to determine whether there is a change in superhelicity near the genes coding for essential proteins for photosynthesis upon a shift from respiratory to anaerobic photosynthetic growth. For comparison, we also examined a restriction fragment containing the Jbc operon, which codes for the subunits of cytochrome bcl, a membrane-bound electron transport complex utilized during both aerobic and anaerobic photosynthetic growth. During this shift in growth conditions, the puf and puh mRNAs, coding for structural polypeptides of the photosynthetic apparatus, underwent a six-to eightfold induction, while the amount of mRNA from the jbc locus remained constant. However, we detected no change in the superhelicity of either the genes for photosynthesis or those for the bc, complex during this metabolic transition. Our data thus do not support a model in which stable changes in chromosomal superhelicity regulate anaerobic gene expression. We suggest instead that the requirement for DNA gyrase in the transcription of photosynthesis genes results from the requirement for a swivel near heavily transcribed regions of the chromosome.
In the photosynthetic bacterium Rhodobacter capsulatus, the enzyme DNA gyrase has been implicated in the expression of genes for anaerobic metabolic processes such as nitrogen fixation and photosynthesis. To assess the involvement of supercoiling in anaerobic gene expression, we have developed an assay to detect in vivo changes in superhelicity of small regions of the bacterial chromosome. Our method is based on the preferential intercalaction of psoralen into supercoiled versus relaxed DNA, and we have demonstrated the sensitivity of the assay in vivo on chromosomal regions from 2 to 10 kiobases in size. In experiments with inhibitors of gyrase, the reactivity of individual chromosomal fragments to psoralen decreases by a factor of 1.8 compared with DNA from control cultures. We used our assay to determine whether there is a change in superhelicity near the genes coding for essential proteins for photosynthesis upon a shift from respiratory to anaerobic photosynthetic growth. For comparison, we also examined a restriction fragment containing the Jbc operon, which codes for the subunits of cytochrome bcl, a membrane-bound electron transport complex utilized during both aerobic and anaerobic photosynthetic growth. During this shift in growth conditions, the puf and puh mRNAs, coding for structural polypeptides of the photosynthetic apparatus, underwent a six-to eightfold induction, while the amount of mRNA from the jbc locus remained constant. However, we detected no change in the superhelicity of either the genes for photosynthesis or those for the bc, complex during this metabolic transition. Our data thus do not support a model in which stable changes in chromosomal superhelicity regulate anaerobic gene expression. We suggest instead that the requirement for DNA gyrase in the transcription of photosynthesis genes results from the requirement for a swivel near heavily transcribed regions of the chromosome.
A recent model for the general control of gene expression for aerobic and anaerobic metabolism has postulated a role for DNA topology in regulating the transition between metabolic modes (40) . The model proposes that DNA gyrase, which introduces negative supercoils into the chromosome, is essential for anaerobic gene expression, while topoisomerase I, which relaxes the chromosome, is required for expression of genes for aerobic metabolism. This hypothesis is based on the isolation of obligate aerobic strains of Salmonella typhimurium which were shown to have mutations in one of the genes for DNA gyrase (gyrA or gyrB) and of obligate anaerobes with mutations mapping to the gene for topoisomerase I (topA) (40) . This model of a gyrase-induced switch in metabolic modes has been extended to other facultative anaerobes as well through the study of the effects of gyrase inhibitors on expression of essential genes for anaerobic metabolism. In Klebsiella pneumoniae, expression of the nifHDK genes, which code for nitrogenase and nitrogenase reductase, is blocked by drugs which inhibit gyrase (17) . In Bradyrhizobium japonicum, expression of enzymes for hydrogen metabolism, an anaerobic process, is also repressed by drugs which target gyrase (22 latus is also capable of nitrogen fixation under anaerobic, nitrogen-limiting conditions. Kranz and Haselkorn (17) have shown that synthesis of the R. capsulatus nifHDK gene products is inhibited by a 5-h treatment with the gyrase inhibitor novobiocin, whereas synthesis of most major soluble proteins appears to be unaffected as judged by 3H-labeled amino acid incorporation and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). In a study of mRNA accumulation from essential genes for photosynthesis, Zhu and Hearst (43) showed that inhibition of gyrase results in the loss of detectable mRNA from the puhA locus, which codes for the H subunit of the photosynthetic reaction center, and from the puf operon, which codes for the pigment-binding reaction center subunits L and M and for the light-harvesting I antenna polypeptides. Loss of detectable puhA mRNA occurred within 15 min after treatment with gyrase inhibitors, a time comparable with the half-life of the message. In contrast, mRNA levels for the fbc operon coding for the cytochrome bc, complex, which is utilized for both respiration and photosynthesis, are unaffected by gyrase inhibitor treatment. The rapidity of the decrease in puhA and puf mRNA has been interpreted to imply that the observed effects result directly from gyrase inhibition and are not a secondary response to drug treatment (43) .
An attractive hypothesis is that DNA superhelicity in the region of the genes for photosynthesis is altered by DNA gyrase, leading to repression or derepression of transcription (43) . This model might explain why most of the known essential genes for photosynthesis are clustered on a 46-kilobase (kb) section of the chromosome (20) , as shown in Fig. 1 (45) . Since the bacterial chromosome has been shown to be composed of topologically independent domains of torsionally strained DNA (30, 38) , the photosynthesis cluster might conceivably be contained on a single domain and thus be subject to facile regulation by gyrase. Topological isolation of the photosynthesis gene cluster might allow it to be regulated by gyrase independently of other regions, such as the Jbc locus.
Heretofore, only an overall change in superhelicity of chromosomes has been amenable to analysis either by ethidium titration (7) or by isotopically labeled psoralen binding (29 
MATERIALS AND METHODS
Bacterial strains and growth conditions. R. capsulatus SB1003 was grown in 150 ml of RCV medium (37) DNA isolation. Cells were lysed by three freeze-thaw cycles between a 37°C bath and dry ice. After a 20-min incubation at 37°C, DNA was extracted once with phenolchloroform-isoamyl alcohol (25:24:1) and twice with chloroform-isoamyl alcohol (24:1). All steps though the first chloroform extraction were performed in dim light. Nucleic acids were precipitated with ethanol and suspended in 0.5 ml of TES. RNase A digestion (30 p.g ml-1) for 15 min at 37°C was followed by proteinase K digestion (50 pLg ml-') for 30 min at 55°C. Samples were again extracted with phenol-chloroformisoamyl alcohol and chloroform-isoamyl alcohol, followed by ethanol precipitation. Before restriction, samples were irradiated with 36 kJ of UV-A per m2to cross-link any TMP monoadducts in potentially cross-linkable sites.
Gel electrophoresis and Southern blotting. Gels and DNA samples were handled essentially by the method of Vos and Hannawalt (35) . From 4 to 5 pLg of BamHI-restricted genomic DNA was denatured with 0.1 volume of 1 M NaOH at 55°C for 2 min, rapidly neutralized with 0.12 volume of 1 M Tris hydrochloride (pH 4.2), and placed on ice. Samples were run on Tris-phosphate-agarose gels and blotted to nitrocellulose overnight. Southern blots were probed with primer-extended DNA made from the single-stranded M13 subclones shown in Fig. 1 . The BamHI D fragment of the photosynthesis gene cluster (20, 32 ) and a 9-kb BamHI fragment hybridizing tojbc were nick translated on plasmids containing these inserts. The probe forfbc was constructed from pRSF1 (8) by removing the BamHI fragments which do not contain the fbc genes. The resulting plasmid was named pDC100. After hybridization and autoradiography, radioactive bands were cut from the filter, dissolved in 1 ml of ethyl acetate, and counted in 5 ml of Opti-fluor (Packard Co.) in a Packard model 3385 scintillation counter.
RNA isolation and dot blotting. RNA was extracted by a scaled-down version of the procedure of Zhu and Kaplan (44) . Equal amounts of purified RNA, about 5 3) . Upon irradiation with long-wavelength UV light (UV-A, 320 to 380 nm), psoralens form cyclobutane monoadducts and interstrand cross-links with pyrimidine bases of the DNA. The rate of formation of these adducts has been shown to be a function of DNA superhelicity both in vitro and in vivo (14, 29) . In experiments with Escherichia coli, the rate of addition to chromosomal DNA in control cells is nearly twice that of cells either treated with the gyrase inhibitor novobiocin or irradiated by a 'Co y-emitting source (29) . These experiments utilized a radiolabeled derivative, [4,5',8-3H ]TMP, to determine incorporation into total DNA and therefore could not determine levels of photoaddition to individual sequences.
We have extended the usefulness of psoralens for detecting supercoiling in vivo by exploiting the ability of psoralencross-linked DNA to reanneal rapidly after denaturation (15) . Our method allows us to determine the rate of TMP cross-linking to any specific DNA restriction fragment in the genome (Fig. 2) . After in vivo cross-linking at low levels (less than 1 TMP cross-link per kb), genomic DNA is purified and denatured. Under these alkaline conditions, cross-linked strands melt but are held in register by TMP so that they reanneal rapidly upon a return to neutral pH. The cross-link provides a nucleation site for helix formation, whereas unmodified or monoadducted DNA is irreversibly denatured in our procedure. Electrophoresis under native conditions separates cross-linked from un-cross-linked DNA, and the amount of cross-linking of any particular restriction fragment in a genomic digest can be quantified by Southern blotting (35) . Figure 3 shows the results of novobiocin-induced relaxation of the chromosome as measured in the TMP assay. R. capsulatus SB1003 was grown aerobically in the dark as described in Materials and Methods. A portion of the culture was quickly cooled, pelleted, and suspended in an ice-cold buffer containing TMP. Cells were incubated in the dark on ice to allow the TMP to equilibrate and subsequently irradiated while on ice. The remainder of the culture was treated with novobiocin, harvested, and irradiated as described above. After isolation of genomic DNA and removal of free TMP by organic extraction, samples were reirradiated with UV-A to cross-link any psoralen monoadducts in potentially cross-linkable sites. Since our assay is specific for crosslinks, this in vitro irradiation step substantially increases the sensitivity and improves the reproducibility of the assay. were run on native agarose gels and blotted, and the fragments of interest were visualized by hybridization.
These blots characteristically contained two bands in each lane: a lower band which ran at the position of the singlestranded DNA, and an upper cross-linked band which migrated at the position of double-stranded DNA. Samples incubated with TMP but not irradiated showed no detectable cross-linked band (Fig. 3A) . Longer exposure to light resulted in a higher percentage of cross-linked DNA. Most importantly, the rate of appearance of cross-linking was notably slower when cells were treated with novobiocin, indicating that less TMP was intercalated in the relaxed chromosome.
Blots can be quantitated by determining the fraction of counts at the single-stranded position for each time point. When plotted on a semilog scale, these data yielded a linear relationship (Fig. 3B) . This behavior would be expected for a Poisson-type process, in which a single psoralen cross-link in a DNA fragment is sufficient to cause the DNA to run as a double strand (35) . The ratio of cross-linking rates between control and novobiocin-relaxed DNA for restriction fragments in this and other experiments was 1.8 ( Fig. 3B and data not shown). We examined a number of BamHI restriction fragments from the photosynthesis gene cluster, including BamHI-C, -D, -F, -G, -H, -J, and -K (Fig. 1 ). These restriction fragments contain genes coding for carotenoid and bacteriochlorophyll biosynthetic enzymes and for the structural polypeptides which bind these pigments and carry out light harvesting and primary photochemistry in the photosynthetic membrane (32, 45) . These fragments cross-linked at a faster rate, since they represented a larger target for cross-linking (Fig. 3B) .
mRNA accumulation during the shift from aerobic to anaerobic photosynthetic growth. TMP is a hydrophobic compound (aqueous solubility of 0.6 ,ug ml-') and, when added to an anaerobic photosynthetic cell culture, would preferentially reside in the extensive photosynthetic membrane system of R. capsulatus. This fact makes a direct comparison of chromosomal superhelicity between aerobic and photosynthetic cultures a difficult task. We chose instead to perform the assay during a shift from aerobic to anaerobic conditions to alleviate any potential problems caused by sequestering of TMP in the mnembrane of steady-state photosynthetic cells. Cultures shifted from 20 to 0% oxygen exhibited little or no growth for the first hour and thereafter resumed growth at a slightly faster rate than under aerobic conditions (Fig. 4A) . This result is in agreement with the work of Gray (12), who showed that, in an identical shift from aerobic-dark to anaerobic-light conditions, Rhodobacter sphaeroides under- (12) . In the first 2 h after the shift, transcription of the structural genes for photosynthetic reaction centers (coded for by pufLM and puhA) and the light-harvesting I antennae (coded for by pufAB) was induced approximately six-to eightfold (Fig. 4B and data not shown) . A time course of mRNA accumulation demonstrated that these genes were induced shortly after a rigorous aerobic to anaerobic shift and that mRNA accumulated to a maximum approximately 90 min after the shift, about the same time at which cell growth resumed (Fig. 4A) . In comparison, mRNA for the cytochrome bc, complex (coded for by the 11c operon) did not change significantly from preshift levels (Fig. 4B ). This complex is utilized for respiratory as well as photosynthetic growth (4) and is therefore already present in the cellular membrane.
The amount of total RNA used in dot blots for the environmental shift time course experiment described above was normalized to give equal loadings by hybridization with an R. capsulatus rRNA probe, pRC1 (42) . Normalization of our data by hybridization with nick-translated genomic DNA also gave essentially the same results (unpublished data). This was expected, since rRNA accounts for the vast majority of total cellular RNA. Chemoheterotrophic R. capsulatus cultures shifted to low oxygen tension have been claimed to increase their rRNA content sevenfold during the first 140 min after the shift (16). We have not observed a measurable increase in either total RNA or rRNA content in R. capsulatus cells during the time course of our environmental shift experiments (unpublished data). In fact, if such an increase in rRNA were actually occurring, one would have to argue that thefbc mRNA must also be coordinately induced with the rRNA genes in order to account for the apparently constitutive expression pattern observed (Fig. 4B  and C) .
Chromosomal supercoiling during the induction of genes for photosynthetic metabolism. We used our assay to test whether stable changes in superhelicity accompany transcription of genes for photosynthesis in the switch from aerobic to anaerobic metabolism. R. capsulatus was grown aerobically in the dark to mid-log phase. A portion of the culture was harvested and irradiated with UV-A and TMP, while the remainder was shifted to anaerobic conditions in the light. Forty-five minutes into the shift, when the rate of mRNA accumulation for photosynthesis gene was maximal (Fig. 4B) , the procedure was repeated on the induced cells. There was no detectable change in superhelicity for the DNA of the photosynthesis gene cluster (Fig. 5) . The BamHI F fragment shown in Fig. 5 contained puhA, which codes for the H subunit of the photochemical reaction center, while BamHI-K was immediately downstream of puhA (Fig. 1) . We also probed BamHI-J, -G, and -D to confirm this result for other regions of the photosynthesis gene cluster. Similarly, there was no detectable change in superhelicity of a 9-kb restriction fragment containing the fbc operon encoding the bc1 complex. We repeated this experiment three times and examined six different BamHI restriction fragments from the R. capsulatus chromosome. The deviation in crosslinking rates between aerobic and shifted anaerobic cultures averaged 5 3%. These results demonstrate that neither highly regulated genes such as pufLM and puhA nor constitutive genes such as the fbc operon undergo a change in superhelicity after a shift from aerobic to anaerobic photosynthetic growth. J. BACTERIOL. 2 6 suppress the leu-500 promoter mutation when the leu-SOO promoter is found on the chromosome but not when it is cloned into a plasmid (27) . Similarly, topA missense mutations in S. typhimurium increase both plasmid superhelicity and expression from the proU locus, which is responsible for transport of glycine betaine in response to osmotic stress (13) . In contrast, topA deletions, which also increase plasmid superhelicity, fail to induce expression of chromosomally encoded proU (13) . Furthermore, observed changes in plasmid superhelicity are not always equivalent to simultaneous alterations in chromosomal supercoiling. Gyrase inhibition in E. coli relaxes the chromosome within 30 min (7), but the same treatment causes pBR322 to become positively supercoiled (19, 39) . In a AtopA gyrB double mutant of E. coli, the chromosome is less negatively supercoiled than in the wild type, but pBR322 from the same strain is significantly more underwound than plasmids isolated from the wild type, with negative superhelicity exceeding that which can be produced in vitro by purified gyrase (24, 26) . These plasmid anomalies have recently been explained as transcriptionally induced effects caused by the inactivation of topoisomerase proteins (18, 33, 39 (Fig. 3) . This limit is greater than the 5% random variation observed between aerobic and anaerobic cultures in Fig. 5 . Sinden et al. (29) have shown that the rate of TMP photoreaction is linearly proportional to the unrestrained superhelical density over a range comparable to that found in vivo. Thus, a 15% threshhold in TMP cross-linking rates would represent a maximal undetectable change of unrestrained superhelicity in vivo of 15% during a shift from aerobic to anaerobic growth. Bliska whereas transcription of topA is activated by increased negative superhelicity of the template (34) . This regulation is exactly that which would be required in the homeostasis model (21) . In addition, the DNA-binding affinities of the two topoisomerases are dependent on the superhelicity of the DNA substrate, with gyrase binding best to relaxed DNA molecules (10) while topoisomerase I prefers negatively supercoiled DNA (36) . This biochemical evidence indicates that the topoisomerases might be titrated over the chromosome so as to minimize local differences in DNA superhelicity.
Our data for R. capsulatus argue that the requirement for DNA gyrase in the transcription of photosynthesis genes (43) is not related to a gyrase-induced change in chromosomal DNA superhelicity which activates transcription. The loss of mRNAs for photosynthesis after treatment with gyrase inhibitors could be an indirect result of inhibitor treatment. Gyrase is clearly an essential enzyme for DNA metabolism, and loss of gyrase activity might have numerous and complex effects on the cell which do not directly reflect its immediate role in bacterial physiology. On the other hand, data are accumulating that gyrase may play a direct role in the transcription of strongly expressed genes and so may be essential to the expression of the puf and puh operons (see below).
We emphasize that our experiments are designed to detect stable changes in chromosomal superhelicity due to changes in gyrase activity. In control experiments, we can easily detect the relaxation of the chromosome after gyrase inhibition ( Fig. 2 and data not shown) . These experiments, in which irradiations are carried out on ice, might not be sensitive to transient changes in superhelicity induced by transcription since RNA polymerase is itself inactive under these conditions.
We favor an alternative hypothesis to that advanced by Yamamoto and Droffner (40) for the observed dependence on gyrase in the expression of genes for anaerobic metabolism in R. capsulatus (17, 43) . Redirection of the cellular metabolism to photosynthesis or nitrogen fixation involves a substantial commitment by cells to the production of new enzyme systems. This induction, in turn, requires a high level of transcription of the genes for the structural proteins involved. Recent evidence indicates that on highly expressed regions of topologically anchored DNA, RNA polymerase divides the template into domains and introduces positive and negative superturns by rotating the DNA through the transcription complex (2, 9, 11, 18, 33, 39) . The requirement for gyrase under these conditions could simply reflect the need to maintain the chromosome at its steadystate superhelicity by restoring negative supercoils removed by the process of transcription. Thus, instead of activating VOL. 171, 1989 transcription by altering DNA topology, gyrase could be required, in certain circumstances, as a consequence of transcription. We are currently performing experiments to test this model.
